Abstract We investigated the effects of leaf color change in the fall on photosynthetic production and nitrogen resorption. Seedlings of Acer platanoides L. and A. saccharum Marsh. were grown in a shade house for 5 months in either 21 % (intermediate light, M) or 4.9 % (low light, L) of incident irradiance. After this period, a subset of the intermediate-light grown seedlings was transferred to a high-light stress treatment (H). Gas exchange, chlorophyll fluorescence, pigments, antioxidant activity, and nitrogen (N) resorption were examined at three leaf senescence stages during September and October. Our results show that plants of both species produce more anthocyanins in the H treatment. In comparison with plants grown in the L and M treatments, plants of both species in the H treatments had lower chlorophyll, carotenoid and chlorophyll fluorescence parameters (F v /F m , U PSII , NPQ and ETR) at the third sampling date (October 12-18), and indicating higher levels of photoinhibition in the seedlings exposed to high light. Our results imply that autumn leaf redness is inducible and closely linked to photo-oxidative stress. However, anthocyanins did not enhance antioxidant capacity in red leaves in either species, when exposed to high light. For both species, our results showed a higher N-resorption for high-light stressed plants. We also observed that the number of abscised leaves at the second sampling dates (September 10) was higher than at the third sampling dates. The intra-leaf distribution of anthocyanin, the association between anthocyanin production and the high-light environments, the retention of red leaves, the substantial physiological gain of photosynthetic activity, as well as the links between anthocyanins and increased N resorption led us to assume that one primary role of autumn anthocyanin could be to protect the photosynthetic apparatus from photo-oxidative damage as light filters rather than as antioxidant. Another major role is to extend carbon capture and help supply the energy needed for N resorption from senescing leaves in both A. saccharum and A. Platanoides during highlight stress. Nevertheless, photoprotective capacity of Communicated by S. Renault.
Introduction
While the autumn coloration of tree foliage remains a fascinating spectacle every year, the mechanisms and reasons for temperate and boreal deciduous trees fall coloration are still subject to discussion. At present, there seem to be two main hypotheses, focusing on the role of anthocyanins in photoprotection and on coloration as a signal to herbivores that the tree is not a suitable host (Archetti 2009 ). It has been reported that some plants up-regulate anthocyanins to protect themselves from photoinhibition by reducing excess excitation energy and avoid oxidative damage (Feild et al. 2001; Hughes et al. 2005) . Although there is experimental evidence for a photoprotective role of anthocyanins in many plants, there seems to be cases where anthocyanins do not improve photoprotection (Esteban et al. 2008; Zeliou et al. 2009 ). The reasons for these conflicting results remain unclear.
Nitrogen (N) remobilization from senescing leaves during the autumn is an important plant nutrient conservation mechanism in temperate deciduous forests and resorption efficiencies in deciduous forests are above 50 % (Vergutz et al. 2012) . Changes in irradiance can modify N resorption, which requires energy (Field 1983 ) supplied by photosynthesis (Yasumura et al. 2005 ). However, it seems N resorption response to different light environments does not show a consistent pattern. Chapin and Moilanen (1991) , and May and Killingbeck (1992) found that shading of senescing leaves dramatically reduced resorption efficiency in birches (Betula papyrifera) and oaks (Quercus ilicifolia). By contrast, Yasumura et al. (2005) reported that growth irradiance did not influence N resorption efficiency in three deciduous woody species (Fagus crenata, Lindera umbellata and Magnolia salicifolia). High irradiances especially, combined with low temperature, are harmful to plant photosynthetic capacity and can ultimately result in photoinhibition and photodamage (Pietrini et al. 2002) , which reduces N resorption (Hoch et al. 2003) . The resorption protection hypothesis (Hoch et al. 2003) states that anthocyanins of senescing foliage shield photosynthetic tissues from light stress and enhance nutrient resorption. However, this hypothesis, confirmed in some studies (Hoch et al. 2003; Lee et al. 2003) , was rejected in other studies (Feild et al. 2001) . The resorption protection role of anthocyanins, therefore, requires further investigation.
Lev-Yadun and Holopainen (2009) discussed that while yellow autumn colors prevail in Europe, reds seem to be more important in Eastern Asia and North America. They argued that the reason for their difference in autumn colors could be a product of adaptation to past climates and herbivore faunas. Acer platanoides L. (Norway maple), is a Eurasian tree species that was introduced in North America, while A. saccharum Marsh. (Sugar maple) is a widespread native. A. saccharum usually has a flaming orange autumn color while the color of A. Platanoides is normally yellow. In this study, we characterized the relationship between anthocyanins, leaf senescence, photosynthesis and nutrient resorption during autumn for A. Platanoides and A. saccharum. During the experiment, trees were exposed to different light levels to induce photoinhibitory stress. Specifically, we hypothesized that nitrogen resorption is less efficient in stressed plants (high light \ low light \ intermediate light).
Materials and methods

Experimental design and treatments
The experiment was conducted at the Montreal Botanical Garden, Quebec, Canada (45°33.7 0 N, 073°34.3 0 W). Results from the same experimental setup on the competitive performance of the two species are reported in Paquette et al. (2012) identifying species' characteristics that would indicate invasiveness. Acer Platanoides (Norway maple) and A. saccharum (sugar maple) seedlings were raised from seeds collected from mature trees in Montreal for the former, and from the Québec provincial forest nursery for the latter. Seeds were stratified and then sown in humid sand boxes filled with layers of sand and minced leaf litter. Germinated seeds were transferred to 320-mL multi-cell containers and placed at random in their respective light regime for 2 months, at which time they were transferred to larger 6.7 L pots. Germinated seedlings were raised in dynamic shade houses under two light levels: 21 % (intermediate light, M treatment) and 4.9 % (low light, L treatment) of full incident photosynthetic photon flux density (PPFD) (measured on September 9, 2009), mimicking conditions found under forest gaps and closed forest understories, respectively, (see Paquette et al. 2012 for experimental setup and light measurement details). These light levels were obtained by varying the size of roof openings and calibrated using whole-day PPFD measurements. In a previous experiment, Paquette et al. (2010) demonstrated the inadequacy of homogenous shade-cloth greenhouses for mimicking forest understories. Maximum incident irradiance during a sunny day in September is around 1,600 lmol m -2 s -1 in Montreal. All seedlings were arranged into four replicated blocks, each comprising the two light treatments assigned at random, and the two species. Thus, each block is then a replicate of the light treatment.
All seedlings were well watered throughout the experiment and fertilized using 15 g Nutricote 20-7-10 type 180 per pot. On August 25, 2009 (5 months after leaf emergence), we took a total of 48 seedlings from the larger experiment and assigned them to the present study on leaf redness. Two seedlings per species and per original light treatment (M and L) were chosen from each of the blocks to be part of the present study. These 32 seedlings remained in their original location for the present experiment. To make our high-light treatment (H), an additional 16 seedlings, 8 per species (two from each block), were taken and moved out from the M treatment (21 % of incident PPFD) and placed about a meter away from the eastern walls of their respective shadehouse block, under high-light conditions (*86 % of full sunlight) but still protected against dominant winds. We compared trait means for plants that remained in the low-and intermediate-light treatment with those switched from the intermediate light to the high-light treatment to determine whether high-light stress induce anthocyanin. The experiment was a factorial design of two species and three light environments. There were eight seedlings per species and per light treatment, which were spatially arranged into four replication blocks (two seedlings per treatment in each block). Measurements of gas exchange, chlorophyll fluorescence imaging, pigments, antioxidant activity, and nitrogen resorption were performed at three different sampling dates from the end of August to the end of September. At the time of the first sampling period (August 25-September 5), both species maintained their green colors across all light treatments. At the second sampling period (September 10-October 3), A. Platanoides and A. saccharum still could be seen as greenish for all the three light treatments, despite leaves of both species starting to turn color in high-light treatment. At third sampling dates (October12-18), leaves of the A. Platanoides and A. saccharum had turned already to their respective fall colors.
Pigment determination
For each species and treatment, leaves of four to six plants from three blocks were collected at each leaf sampling dates for the determination of pigment concentrations. Leaf discs were sampled on all trees and were immediately frozen on dry ice in the field, and subsequently stored at -80°C until analysis. Frozen discs were ground in 100 % acetone with a small amount of quartz sand in a chilled mortar. Chlorophylls (Chl) were determined using a multiwavelength analysis at 470, 645, 662 and 710 nm (Lichtenthaler and Buschmann 2001) with a CARY 300 UV-Visible spectrophotometer. For anthocyanin determination, leaf discs were disrupted in liquid nitrogen and extracted in 1.25 mL of 3 M HCl:H 2 O:MeOH (1:3:16 by vol.) using a tissue homogenizer. The concentration of anthocyanins was estimated spectrometrically according to Murray and Hackett (1991) .
Gas exchange measurements
Photosynthetic rates (A sat ) were determined on September 3 and 4, September 29, and October 15, 2009 with a portable photosynthesis system (GFS-3000, Walz, Effeltrich, Germany) at saturating photon flux density (1,400 lmol m -2 s -1 ) and ambient CO 2 concentration (400 ppm). Leaf temperatures (mean ± SD) were 25.0 ± 2.9 on September 3 and 4, 15.2 ± 0.1 on September 29, and 10.4 ± 0.8°C on October 15, respectively.
Chlorophyll fluorescence measurements
Fluorescence measurements were carried out with an IMAGING-PAM chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany). The instrument uses blue LEDs for measuring actinic and saturation pulse light. Leaves were dark adapted for at least 30 min prior to the measurements to completely reoxidize PSII electron transporters. Fluorescence was measured with relatively weak light pulses (\1 lmol m -2 s -1 ) at a low frequency (1 Hz) for measurement of minimal fluorescence (F o ). Maximal fluorescence yield of a dark-adapted leaf (F m ) was measured during an 800-ms exposure to a photon flux of approximately 2,600 lmol m -2 s -1 . Leaves were then illuminated for 9 min with actinic light (400 lmol m -2 s -1 ) to induce electron transport, and saturating pulses were applied to determine maximum fluorescence of lightadapted leaves (F 0 m ). When performing a measurement, an area of interest (AOI) with a diameter of 1 cm was selected in the center of the leaf. Maximal PSII quantum yield (F v / F m , equivalent to (F m -F o )/F m ), effective PSII quantum yield (U PSII ), non-photochemical quenching (NPQ) and coefficient of photochemical quenching (qP) were averaged over the AOI. Estimates of U PSII , qP, and NPQ were calculated for each irradiance step using the equations of Genty et al. (1989) and Maxwell and Johnson (2000) . Rapid light curve measurements were carried out using 30-s exposures to stepwise increased PPFD (1, 24, 54, 103, 265, 532, 599, 831, 1, 029, 1, 322, 1, 617, 2, 001 , and 2,603 lmol m -2 s -1
). Simultaneously, apparent electron transport rate (ETR) values were estimated as ETR = U PSII 9 0.5 9 A 9 incident PPFD, where 0.5 is a factor that assumes equal distribution of energy between the two photosystems (Björkman and Demmig 1987) , A is the computed sample absorbance and PPFD is the actinic light intensity.
Antioxidant activity assay
Antioxidant activity of leaf extracts was assessed by determining their ability to scavenge 1,1-diphenyl-2-picryl hydrazyl (DPPH), a stable free radical. Leaf discs were sampled at each sampling dates as above. Extractions were conducted at 4°C in the dark with acetic acid: water: methanol (7:23:70, v/v/v). Reaction mixtures containing 0-100 lL leaf extract and 1.5 mL of 18 lM DPPH in MeOH were diluted with MeOH to a final volume of 1.6 mL, vortexed, and then held at room temperature for 30 min, after which the absorbance of the mixtures at 517 nm was measured. Antioxidant activity of the leaf extracts was expressed as an effective concentration for radical scavenging (IC 50 ): the concentration of fresh leaf material (mg mL -1 ) required to produce a 50 % reduction in A 517 relative to the control mixture to which only methanol was added (van den Berg and Perkins 2007).
Leaf nitrogen analysis and leaf nitrogen in cell walls
To examine foliar nitrogen (N) resorption patterns, we collected fully expanded young to medium-aged green leaves of four to six different individuals of each species. Red leaves that were still attached to branches just before defoliation were sampled when some leaves were fully senescent, falling readily at a touch. Also, shed leaves were counted at intervals of 6 days. Leaf samples were ground and passed through a 20 mesh screen after being first dried at 70°C for 36 h. The total concentrations of N were determined by the semi-micro Kjeldahl method (Mitchell 1998) . For each treatment, N resorption efficiency was calculated as (N g -N s )/N s 9 100 % in which N g is the green leaf N concentration and N s is the senescent leaf N concentration (Sanz-Pérez et al. 2009 ).
Leaf proteins can be divided into water-soluble, SDSsoluble, and SDS-insoluble fractions. The contents of water-soluble, SDS-soluble, and SDS-insoluble fractions were determined as described by Takashima et al. (2004) . About 0.3 g frozen leaf disc was powdered in liquid nitrogen in a mortar with a pestle and homogenized in 1 mL of 100 mM Na-phosphate buffer (pH 7.5) system with 0.4 M sorbitol, 2 mM MgCl 2 , 10 mM NaCl, 5 mM iodoacetate, 1 % (v/v) polyvinylpyrroridone (PVP), 5 mM phenylmethylsulfonyl fluoride (PMSF), and 5 mM dithiothreitol (DTT), after water-soluble, SDS-soluble, and SDSinsoluble fractions were isolated, the protein content were determined by the method of McGrath (1972) . The detergent-insoluble fraction is the protein in cell walls. The ratio of cell wall proteins to total leaf proteins was also calculated. N content in cell walls was calculated from cell wall proteins with a conversion coefficient (0.16 g N g -1 wall proteins) (Feng et al. 2009 ). The proportion of leaf N allocated to cell walls was calculated as N content in cell walls/total leaf N.
Statistical analysis
The experiment consisted of a factorial design of two species, three light levels. There were eight seedlings per species and per light treatment, which were spatially arranged into four replication blocks (two seedlings per treatment in each block). The average of the seedlings within a replicate block was used as the value of a true replicate in the analysis. To meet the requirement of normal distribution, N concentration were logtransformed before analyses. We performed three-way ANOVA for the effects of light, sampling date and species for each variable to discover differences between species in response to light and sampling date. When analyses revealed sampling date and species interactions, or light and species interactions, or light and sampling date and species interactions for certain variables, two-way ANOVAs for light and sampling date were conducted for each species. Significant differences among treatment means were analyzed using Tukey's multiple comparison post hoc tests. In addition, the effects of light, species and their interactions for N resorption were determined using two-way analysis of variance (ANOVA). Simple linear regression was used to determine the relationships between N resorption and anthocyanin levels in leaves. All statistical analyses were conducted in SPSS (SPSS 11.5 for windows, SPSS Inc., Chicago, IL, USA). P values lower than 5 % were considered as statistically significant.
Results
Effects of light on pigment contents
Compared to intermediate light (M) and low light (L), high-light treatment (H) significantly decreased Chl concentrations (by 38-91 %) in A. Platanoides at the second and the third sampling dates (Fig. 1a) , and increased anthocyanin concentrations (by 53-95 %) across the three sampling dates (Fig. 1b) . For A. saccharum, high light-induced significant reductions in Chl concentrations compared with the L and M treatment at the second and the third sampling period. Meanwhile, in comparison with both the L and M treatment, there was significant increase of the anthocyanin concentrations at the first and the third sampling dates in A. saccharum (Fig. 1b) . There were significant date 9 light interactions in chlorophyll, and the proportion of red leaves (see Supplementary Appendix 1), indicating that high-light stress had a more pronounced effect on these parameters during the third sampling period. Further, there were significant date 9 light 9 species interactions on anthocyanins. This interaction suggests that high light was associated with significantly higher anthocyanins in A. saccharum during the third measurement period. However, neither light nor sampling dates significantly affected IC 50 (Fig. 1c) . In addition, the percentage of red leaves numbers also increased faster in A. saccharum than in A. Platanoides, as indicated by the date 9 species interaction (see Supplementary Appendix 1, Fig. 1d ).
Effects of light on photosynthetic rates and chlorophyll fluorescence parameters Compared to both the L and M treatment, the H treatment significantly reduced A sat by 62-71 % in A. Platanoides and 36-75 % in A. saccharum at the first and second sampling dates (Fig. 2a) . For both species, at the second and the third sampling dates, F v /F m was lower in seedlings grown under H treatment compared with seedlings under L and M treatments (Fig. 2b) . The changing tendency of ETR was compatible with that of U PSII (Fig. 2c, e) . At the third sampling dates, U PSII decreased at high-light stress for both species (Fig. 2e) . Compared to M treatment, the dynamic changes in U PSII and NPQ in A. Platanoides under H treatment with photooxidation seem to involve three stages of alteration: at the first sampling stage, both U PSII and NPQ decreased; at the second stage, U PSII slightly decreased and NPQ increased; and at the third leaf sampling stage, both parameters decreased. ETR increases with the intensity of the actinic light during the rapid light curves. It is lower (in some cases) in leaves of the H treatment (Fig. 3) . For both species, above 500 lmol m -2 s -1 PPFD, light-dependent ETR in plants under high-light conditions at the third sampling dates was lowest. Across all light treatments, ETR was higher under L and M treatments than under H treatment.
Effects of light on leaf N and N resorption efficiency There was a tendency for A. Platanoides seedlings exposed to high light to have lower leaf N relative to low light and intermediate light at the third sampling dates. For A. saccharum, the H treatment significantly decreased leaf N at the second sampling date relative to M treatment, and at the third sampling date relative to L treatment (Fig. 4a) . N concentration in cell wall, fraction of leaf N in cell wall and N resorption were similar in seedlings under L and M treatments (Fig. 4b-d) . For both species, the fraction of leaf N in cell wall of seedlings exposed to the high light increased significantly relative to seedlings under M treatment at the third sampling date (Fig. 4c) . Furthermore, the leaf N concentration in cell wall and the fraction of leaf N in cell wall also increased more rapidly in A. saccharum than in A. Platanoides, as indicated by the date 9 species interaction (see Supplementary Appendix 1, Fig. 4) . N resorption of seedlings under H treatment increased by 42 and 36 % in comparison with seedlings under M treatments in A. Platanoides and A. saccharum, respectively (Fig. 4d) . The two species differed in the amount of N resorption only at low light. In addition, there were positive relationships between N resorption and the anthocyanin content of leaves in A. saccharum (r 2 = 0.49, P = 0.04 for all treatment data pooled together) (Fig. 5) . 
Effects of light on number of leaves shedding
In both species, the accumulated proportions of leaves shed in late September and October differed among treatments. For both species in all treatments, leaf shed sharply at second sampling dates (September 10-October 3) (Fig. 6) . In contrast, at the third sampling dates (October 12-18), both species shed few additional leaves. In addition, L treatment had a lower leaf abscission rate at the second sampling stage, compared with H treatment (Fig. 6 ).
Discussion
As expected, significant increases in anthocyanin concentrations and reductions in chlorophyll concentrations, net photosynthetic rate, maximal PSII quantum yield (F v /F m ), effective PSII quantum yield (U PSII ) were observed in highlight stressed plants relative to plants grown in intermediate light and in low light. Moreover, the N content in the highlight stressed leaves of A. saccharum was also lower. These lower N contents could be the reason for the lower photosynthetic rates in the high-light plants (Zeliou et al. 2009 ), as the majority of leaf N is associated with the photosynthetic function of the leaf (Feng et al. 2009 ). We also observed that resorption of N was more efficient under light stress. This is contrary to our initial hypothesis that photoinhibition would reduce leaf N re-translocation. On the other hand, during the third measurement period, high light was associated with significantly higher anthocyanin concentrations in A. saccharum compared to A. Platanoides, indicated by the significant interaction between light, species and sampling dates on anthocyanin concentrations. Nevertheless, our results fail to explain how the high-light stressed leaves of A. Platanoides, with lower anthocyanin concentrations, are as efficient in translocating N as A. saccharum. It is possible that the weaker production of Fig. 3 Effects of light on the electron transport rate (ETR)-light response curves in A. platanoides and A. saccharum at the first sampling dates (September 3, a, b) , the second sampling dates (September 29, c, d) , and the third sampling dates (October18, e, f). Exposures (30 s) to stepwise increased photon irradiance (1, 24, 54, 103, 265, 532, 599, 831, 1, 029, 1, 322, 1, 617 In our study, the occurrence of leaf redness was coupled to the light environment (Fig. 1b, d) , with the reddest leaves (higher anthocyanin concentrations) occurring in the sunniest treatments (Kozlowski and Pallardy 1997) . Chlorophyll levels differed considerably between both treatments and senescing developmental stage. These observations indicate that autumnal anthocyanins accumulate and the simultaneous chlorophyll loss is correlated to photoinhibitory environments (Zeliou et al. 2009) . A decrease in dark-adapted F v /F m is generally used as a measure of photoinhibition (Björkman and Demmig 1987; Perron and Juneau 2011) . During the second and third sampling dates, the rapid decrease in F v /F m of plants under high-light conditions compared to plants under intermediate-light conditions also indicates onset of photodamage to PSII. Non-photochemical quenching (NPQ) rose between the first and the second sampling period, indicating increased excess energy dissipation (Lepeduš et al. 2011 ), but declined during third sampling date, possibly due to oxidative damage in thylakoid membranes and lower rates of linear electron transport (Gielen et al. 2007 ). We would expect lower ETR in red leaves than green leaves when exposed to the same incident light intensity as the actual light intensity reaching the chloroplasts of a red leaf is lower due to absorption by anthocyanins (Zeliou et al. 2009 ). This was the case in our study as we observed that ETR at the third sampling periods when leaves turned red was lowest with respect to other sampling dates. The reduction of the U PSII , NPQ and ETR explained the reduction in the CO 2 fixation as suggested by Lu and (p \ 0.05) according to Tukey's test. In addition, for N resorption values, the asterisks indicate statistically significant differences between the two species within the same light treatment. Each value is the mean of three replicates, consisting of 4-6 seedlings of each species and treatment, error bars are SE Zhang (1998). We found that exposure to high light speeds up the senescence process, as suggested by the decreased F v /F m (Fig. 2b) and the increased accumulation of anthocyanins. This further indicates that autumn leaf redness is inducible and closely linked to photo-oxidative stress, and points to a higher need for the buildup of a photoprotection system. During the third measurement period, CO 2 assimilation was low, while ETR was at reasonably high values, especially in A. saccharum. It maybe that high-light stress during leaf senescence stimulates the partitioning of electron flow to pathways other than CO 2 assimilation (Park et al. 1996) . These findings suggest that photosynthesis under high-light conditions is limited by the electron utilization capacity, not by the electron transport capacity (Fujiki et al. 2007 ). This could be due to the low leaf internal conductance in red leaves (Miyazawa and Yahata 2006) . Lower leaf internal conductance leads to lower CO 2 concentration at the site of RuBP carboxylation and oxygenation, which results in more electrons being used for RuBP oxygenation (Miyazawa and Yahata 2006) , and hence low CO 2 assimilation while still relatively high ETR. Additionally, we observed the leaves of A. saccharum exhibited slower leaf senescence under high light than did A. Platanoides, as shown by smaller decreases in chlorophyll, U PSII , and ETR which might be due to A. saccharum seedlings having bigger amounts of anthocyanins.
The role of anthocyanin as antioxidants or as light screens should depend on their localization within plant tissue (Gould et al. 2002) . Although the leaf anatomy in the test plants was not examined, it has been reported that anthocyanins accumulation in maples is mainly in the palisade mesophyll (Lee et al. 2003; van den Berg et al. 2009 ). This anthocyanins distribution pattern supports a role for light screening. We also observed that A. saccharum at greater risk of photoinhibition (low leaf N and limited photosynthetic capacity) during leaf senescence have higher anthocyanin, a pattern also supports the light screen hypothesis. Nevertheless, it appears that in spite of a large amount of de novo anthocyanin synthesis in senescing leaves, photoinhibition occurs in red and yellow maple leaves, when they are exposed to high-light levels. These results indicate that though anthocyanins may function as light screening, the anthocyanins in senescing maple leaves do not efficiently reduce light within the leaves as proposed by van den Berg et al. (2009) that anthocyanins are not optimal internal light filters. The relative small anthocyanin concentrations, and anthocyanins present in the palisade mesophyll in maples (Ishikura 1973; Lee et al. 2003) than multiple locations throughout the palisade and spongy mesophyll in other wood species (Gould et al. 2002; Hughes et al. 2005; van den Berg et al. 2009 ) could explain that anthocyanins do not provide a physiologically significant level of photoprotection in maple leaves tested in our study.
Foliar N concentrations during the first and the second sampling periods were well within the 16.0-23.2 mg g -1 optimal range of Kolb and McCormick (1993) for A. saccharum. In contrast, N concentrations during third sampling date averaged only 6.0 mg g -1 under high-light conditions, which is far below the concentrations reported for A. saccharum seedlings with N-limited growth (Walters and Reich 1997) . The low-N leaves are more vulnerable to photoinhibitory risk (Schaberg et al. 2003) , owning to the limited photosynthetic capacity. During the processes of leaf senescence, approximately 69-75 % of the N in green leaves was resorbed in the both species. This represents higher resorption efficiency than the mean (50-52 %) reported for many plants (Chapin and Kedrowski 1983; Aerts 1996) , but is consistent with previous measurements of resorption in Acer rubrum (Grizzard et al. 1976) . As shown in Fig. 4d , N resorption efficiency did not differ significantly among leaves under low light and intermediate light in either species. However, N resorption was enhanced in high light.
We also observed a positive correlation between N resorption and anthocyanin concentrations in A. saccharum leaves (Fig. 5) . One hypothesis is that anthocyanins protect foliar nutrient resorption by reducing oxidative stress and quenching free radicals sequestered in vacuoles during the chlorophyll degradation (Matile et al. 1999) , as free radicals may disturb nitrogen and/or phosphorus resorption from leaves into branches (Lee et al. 2003) . Accordingly, the antioxidant activity of high-light stressed leaves would be expected to exceed that of shaded ones. However, we observed that the antioxidant activity of leaves in the different light treatments was equal at all sampling periods. The results further suggest that rather than enhancing antioxidant capacity, anthocyanins may serve as a 'sunscreen' from excessive light in senescing leaves and reduce the risk of photo-oxidative damage, thus facilitating nutrient recovery as discussed in previous sections (Feild et al. 2001; Hoch et al. 2003) . Nevertheless, we can not rule out the possibility that some other factor associated with high light, might be responsible for the increased nitrogen resorption. The results further suggest alternative strategies may be employed by senescing A. Platanoides leaves to compensate for less photoprotective function by anthocyanins. In addition to photoprotection, light intensity could also influence senescence and anthocyanin accumulation through sugar levels/sugar accumulation (Wingler et al. 2006 (Wingler et al. , 2009 , and future experiments should address the connection between leaf sugar levels, senescence regulation and photosynthetic protein degradation.
A recent study by Schaberg et al. (2008) demonstrated a relationship between foliar coloration and leaf retention strength and suggested that the orange-red coloration in A. saccharum may allow for an extended period of nutrient and sugar translocation compared with yellow leaves. In the present study, more leaves are shed between the first and second than between the second and third sampling period (Fig. 6) , further strengthening the hypothesis that the benefits of anthocyanins may contribute to prolonged retention. Additionally, N concentration in the cell wall was nearly constant across different leaf color periods, which might help to maintaining leaves function (Takashima et al. 2004) . We considered two possible explanations for red leaves being retained in high-light stressed plants. First, leaves would be retained as long as they have a positive carbon gain (Ackerly 1999) . In September the total irradiance in Montreal is *74 % of the maximum (July values) and in October it is still *40 % (calculated from irradiation data from Plattsburgh New York about 70 km south). Therefore, the physiological gain of continued photosynthetic activity can be substantial. By increasing photoprotection and maintaining a photosystem during cold nights, trees could increase the length of their photosynthetically active period by a few weeks. This would concord with the relatively high rates of photosynthesis we still observed in the leaves at the second sampling dates (Fig. 2a) . Second, we suggest that red leaves are involved in a conservative function as well, increasing N resorption and mean residence time during the third sampling dates, while other green or yellow leaves in maple trees are mainly involved in a photosynthetic function. Indeed extending the useful life of leaves comes at the risk of leaves freezing and dying before the tree could remove the nutrients therein.
Our results showed a higher N-resorption for high-light stressed plants contrasting to the suggestion of Hoch et al. (2003) . A. saccharum in our study had greater anthocyanin accumulation in autumn leaves than A. Platanoides. Nevertheless, during the fall, A. saccharum and A. Platanoides only recovered different amounts of N at low light while at high light the two species show no difference in absorption. Additionally, it has been reported that differences in nitrogen allocation strategies between early and late successional species are important for nutrient resorption (Hoch et al. 2001) . In this sense, the both maple species tested in our study behave similarly during autumn. The higher resorption rates in our light-stressed trees are more difficult to explain. It could be that anthocyanins are overcompensating for the light stress or it could be that photosynthetic protection is the main function of anthocyanins and that the facilitation of nutrient resorption is of secondary importance. Yet, we hypothesize that anthocyanins' limited protection against photoinhibition, as several sets of data presented here argue some photoprotection could be assumed in autumn leaves. The association between anthocyanin production and the high-light environments, the prolonged retention of red leaves, the substantial physiological gain of continued photosynthetic activity in September at mid-northern latitudes as well as the links between anthocyanins and increased N resorption led us to assume that autumnal anthocyanins protect senescing foliage from photoinhibitory irradiances (although incomplete), and that leaf redness is a mechanism to squeeze a bit more photosynthesis out of the leaves before winter, allowing for the resorption of critical foliar nutrients to occur.
In conclusion, our results suggested that the one primary role of autumn anthocyanin is to protect the photosynthetic apparatus from photo-oxidative damage as light filters rather than as antioxidant, another major role is to extend carbon capture and help provide the energy needed for N resorption from senescing leaves in both A. saccharum and A. Platanoides during high-light stress. Nevertheless, we have realized that photoprotective capacity of anthocyanins were not able to compensate fully for the photoinhibitory stress, as the anthocyanins are not optimally located to efficiently reduce light within the leaves (van den Berg et al. 2009 ). Our results not only confirm earlier reports indicating a possible light screening role for leaf anthocyanins, but the data could also be useful for understanding the relationship between anthocyanins, photosynthesis and nutrient resorption during autumn for A. Platanoides and A. saccharum.
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